The reaction 17 O(n, α) 14 C was studied at energies from E c.m. = 0 to E c.m. = 350 keV by using the quasifree deuteron breakup in the three-body reaction 17 In the past decade, to extract the cross sections of twobody reactions at low energies for astrophysical applications, many indirect methods have been developed. Among them, the Trojan Horse method (THM) [1] [2] [3] [4] [5] [6] [7] has been applied successfully to the study of several charged-particle-induced reactions bypassing the Coulomb barrier penetration effect and the electron screening effect dominant at very low energies. Briefly, in the THM, the cross section of the A + x → C + c reaction is determined by measuring the differential cross section of a suitable reaction A + a → C + c + s and by selecting the events where the Trojan Horse (TH) nucleus a, which has a strong x ⊕ s cluster structure, breaks up inside the nuclear field of nucleus A. This process is most likely inside the quasifree (QF) kinematics regime, i.e., when the momentum transfer to the spectator (the cluster s of the TH nucleus) is small. Hence, if the wave function of the intercluster motion is dominated by the l = 0 component, as for the deuteron, the relative momentum p xs of the clusters x and s of the TH nucleus is close to zero. In the center of mass of the A-x system, the two-body reaction A + x → C + c takes place at the energy given in the postcollision prescription by E c.m. = E Cc − Q 2 , where E Cc is the relative energy of the ejectiles and Q 2 is the Q value of the two-body reaction A + x → C + c. Consequently, the energy E c.m. can lie below the Coulomb barrier, even if the reaction A + a occurs at an energy above the barrier.
The reaction 17 O(n, α) 14 C was studied at energies from E c.m. = 0 to E c.m. = 350 keV by using the quasifree deuteron breakup in the three-body reaction 17 O + d → α + 14 C + p, which extended the Trojan Horse indirect method (THM) to neutron-induced reactions. It is found that the 18 O excited state at E * = 8.125 ± 0.002 MeV, observed in THM experiments, is absent in the direct measurement because of its high centrifugal barrier. The angular distributions of the populated resonances have been measured by using this method. The results unambiguously indicate the ability of the THM to overcome the centrifugal barrier suppression effect and to pick out the contribution of the bare nuclear interaction. In the past decade, to extract the cross sections of twobody reactions at low energies for astrophysical applications, many indirect methods have been developed. Among them, the Trojan Horse method (THM) [1] [2] [3] [4] [5] [6] [7] has been applied successfully to the study of several charged-particle-induced reactions bypassing the Coulomb barrier penetration effect and the electron screening effect dominant at very low energies. Briefly, in the THM, the cross section of the A + x → C + c reaction is determined by measuring the differential cross section of a suitable reaction A + a → C + c + s and by selecting the events where the Trojan Horse (TH) nucleus a, which has a strong x ⊕ s cluster structure, breaks up inside the nuclear field of nucleus A. This process is most likely inside the quasifree (QF) kinematics regime, i.e., when the momentum transfer to the spectator (the cluster s of the TH nucleus) is small. Hence, if the wave function of the intercluster motion is dominated by the l = 0 component, as for the deuteron, the relative momentum p xs of the clusters x and s of the TH nucleus is close to zero. In the center of mass of the A-x system, the two-body reaction A + x → C + c takes place at the energy given in the postcollision prescription by E c.m. = E Cc − Q 2 , where E Cc is the relative energy of the ejectiles and Q 2 is the Q value of the two-body reaction A + x → C + c. Consequently, the energy E c.m. can lie below the Coulomb barrier, even if the reaction A + a occurs at an energy above the barrier.
The application of the THM to the indirect study of p-p scattering has strongly confirmed the THM hypothesis, i.e., the suppression of Coulomb effects in the two-body cross section * Deceased.
at sub-Coulomb energies [4] . Indeed, the deep minimum in the p-p scattering cross section, due to the interference between nuclear and Coulomb diffusion amplitudes, is missing in the TH data because of the suppression of the Coulomb contribution, which results from this method [4] .
In the present Rapid Communication, the ability of the THM to overcome the centrifugal barrier effects is definitely and unambiguously demonstrated by studying a neutroninduced two-body reaction, which does not suffer Coulomb hindrance. To perform this measurement, the deuteron QF breakup is used as a source of virtual neutrons [8] .
The two-body reaction 17 O + n → 14 C + α has been chosen to investigate the effect of centrifugal barrier suppression. This reaction is interesting for both nuclear energy and nuclear astrophysics. In fact, in nuclear reactors, the neutron-induced reactions on 14 N and 17 O are the dominant sources of the radioactive isotope 14 C (T 1/2 = 5730 yr) [9] . In nuclear astrophysics, this reaction takes place in the nucleosynthesis of heavier elements in various astrophysical scenarios [10, 11] , and it could help to explain anomalies in 18 [12] .
For incident-neutron energies from thermal up to a few hundred keV, the cross section of this reaction is characterized by the presence of several narrow resonant states in the 18 O compound nucleus. Three resonances have energies above the 17 O + n threshold (8044 keV), and one subthreshold level is present. The resonance parameters are reported in Table I . The total width ( tot ) for each resonance from the literature together with the relevant references are presented in the last two columns of the table. For the negative-energy resonance, the reduced width is given. [14] Direct measurements [14] [15] [16] [17] [18] [19] [20] have shown the population of the two excited states at energies 8213 and 8282 keV and the influence of the subthreshold level at 8038 keV. At the astrophysical relevant temperatures (T ∈ [0.01 − 1.3] × 10 9 K), the reaction rate calculated by using the different data sets [14] [15] [16] differs by a factor of 2-2.5 with a consequent change in the abundance ratios for some elements (e.g., 22 Ne, 26 Mg) [10] .
The 8125-keV state of 18 O would be populated by f -wave neutrons, but due to the high orbital momentum barrier, the cross section is too low for direct measurement.
Since the THM should not be affected by orbital momentum barrier effects, we anticipate that the three-bodies 2 H( 17 O, α 14 C) 1 H study should provide observational evidence for resonance contributions from all known states.
Two experiments were performed: the first one at the Laboratori Nazionali del Sud (LNS) in Catania, Italy and the second one at the Nuclear Science Laboratory (NSL) of the University of Notre Dame, IN, USA. In the LNS experiment, a 17 O beam of 41 MeV was delivered onto a CD 2 target of thickness 150 μg/cm 2 . In the NSL experiment, a beam energy of 43.5 MeV and a target thickness of 170 μg/cm 2 were used. The angles and the energies of the ejectiles α and 14 C were detected in coincidence by using an experimental setup, symmetric with respect to the beam axis, which consists of six position-sensitive silicon detectors [(PSDs), single area, resistive readout, spatial resolution 0.5 mm]. The proton was not detected in these experiments, and its energy and angle were reconstructed from kinematical calculations. The PSD detectors covered the angular ranges in the laboratory reference system θ 1 = 5
• -10
• , and θ 3 = 21.5
• -29.0
• in the LNS experiment and θ 1 = 5
• , θ 2 = 13.1
• -18.1
• , and θ 3 = 23.8
• -28.8
• in the NSL experiment. The two most forward detectors were equipped with ionization chambers used as E detectors to identify carbon. Coincidences among either one of the two forward PSD detectors and one of the three placed on the opposite side with respect to the beam axis were recorded by the data acquisition system.
The reaction of interest was identified by selecting events in which a carbon was detected in one of the telescopes. The reconstructed Q value for the three-body reaction (Q = −0.6 ± 0.3 MeV) is in agreement with the expected one (Q = −0.407 MeV).
The beam energy was chosen such that (i) the incident center-of-mass energy (after half target thickness E c.m. = 4.27 MeV in the LNS experiment and E c.m. = 4.53 MeV in the NSL experiment) was higher than the binding energy of n and p in d (B xs = 2224.5 ± 0.2 keV), and (ii) the wavelength in the entrance channel (λ = 1.65 fm in the LNS experiment and λ = 1.60 fm in the NSL experiment) was smaller than the deuteron radius (r d = 4.5 fm). As a result, the validity conditions of the impulse approximation (IA) approach remained fulfilled.
By following the procedure described elsewhere [1] [2] [3] [4] [5] [6] [7] [8] , many tests have been performed to ensure the presence of the QF reaction mode and to establish ways to discriminate from other reaction contributions, which populate the same final state. The strongest evidence of the predominance of the QF mechanism is given by the shape of the momentum distribution for the p-n intercluster motion in the deuteron. This was extracted by using the standard procedure, which selects events that correspond to the most populated resonance in the TH measurement at an energy of 8213 keV. The result is shown in Fig. 1 no available optical potentials at the low energies involved in the studied reaction. To check whether the uncertainty related to the choice of potential was comparable with the experimental one, FRESCO calculations were performed on varying the optical potential parameters in the entrance and exit channels by about 30% and by using the Koning-Delaroche optical potential [23] in the exit channel. Experimental data and FRESCO calculations are still in good agreement (χ 2 < 1.5), even in these cases.
The comparison of DWBA and PWIA calculations with data shows good agreement by both theoretical distributions for |p xs | < 50 MeV/c as distortions only influence the tails of the distribution. Indeed, for higher values of p xs , the s cluster does not act as a spectator to the A + x → C + c reaction, and interactions in the final state must be taken into account [24, 25] . In the following, only the events that have |p s | < 50 MeV/c, for which the PWs constitute a viable approximation, are selected.
A further probe of the reliability of the PW approach in describing the experimental data comes from the comparison between PWBA and DWBA calculations. The differences in the ratios of the integrated resonance cross sections calculated in PW and DW approaches are less than 19%, compared with the experimental uncertainties (statistical ∼15% + fitting ∼14%). Therefore, as no absolute values of the cross sections are extracted, the PW description is used in the following.
The PWIA is generally preferred as it is less dependent from theory. In this approach, the three-body cross section assumes a simple expression from which the two-body cross section of interest is easily deduced
In Eq. (1), KF is a kinematical factor, which depends on masses, momenta, and angles of the outgoing particles, and it takes into account the final-state phase-space factor [1] [2] [3] [4] [5] [6] [7] [8] .
(p xs ) is the momentum distribution of the clusters in the TH nucleus. l 1 is the orbital momentum in the entrance channel A-x, and |L l 1 | 2 is a coefficient expressed in terms of the Wronskian of regular and outgoing solutions of the free radial Schrödinger equation, taken at the off-shell and on-shell x-A momenta correspondingly. dσ
/d is the half-off-energyshell (HOES) cross section of the 17 O(n, α) 14 C reaction at the center-of-mass reaction angle θ c.m. calculated as [26] θ c.m. = arccos( k Ax · k Cc ), where k ij is the relative momentum of the particles i and j , and k ij = k ij /k ij . The HOES label for the 17 O(n, α) 14 C cross section refers to the off-energy-shell nature of the transferred neutron.
The cross section of the 17 O(n, α) 14 C reaction was then extracted from Eq. (1) by dividing the experimental yield by the product KF | (p xs )| 2 , estimated by means of a Monte Carlo simulation where the experimental momentum distribution shown in Fig. 1 was used. This introduces an uncertainty of 10% in the experimental data. Typical excitation functions for the 17 O + n reaction are shown in Fig. 2 in arbitrary units: Fig. 2(a) reports the LNS experimental data for 50
• < θ c.m. < 60
• , and Fig. 2(b) shows the NSL experimental data for 40
• < θ c.m. < 90
• . In the figure, the horizontal error bars represent the integration energy bin, and the vertical bars take into account the statistical uncertainties. The solid line represents the result of a fit performed using four Gaussian functions to disentangle the contributions of the four 18 O resonances populated in the explored energy and θ c.m. range. No interference effect is taken into account in the fitting procedure, owing to the resonance widths (<15 keV), which are much smaller than their energy separations (see Table I ). The use of a Gaussian function for fitting the contributions due to the resonances is justified by considering the energy resolution of the THM measurement as discussed in Ref. [6] . The width of the four resonances is the same and is equal to the experimental resolution σ = 20 keV for the LNS experiment and σ = 30 keV for the NSL experiment. The peak energies that come from the fit well reproduce the resonance energies compiled in Ref. [13] and are shown by arrows in Fig. 2 .
The extracted two-body cross section does not suffer from the centrifugal barrier penetration effect. In particular, the presence of the level at E * = 8125 ± 2 keV, J π = 5 − must be noted. It has clearly been observed in both of the present experiments but was missed in the direct measurements. Since Coulomb effects are absent in neutron-induced reactions, it is directly evident from this result that only the pure nuclear interaction potential enters into the virtual A + x reaction studied by THM.
To confirm the spin assignment of the 18 O levels, the angular distributions for the four resonances were extracted. The experimental setup provided coverage of the c.m. angular ranges θ c.m.,1 = 0
• , and θ c.m.,3 = 70
• -100
• with overlap regions among the three detector coincidences, which allowed for a relative normalization of the data. The contribution of each resonance to the overall coincidence, yielded at different angles θ c.m. , was disentangled by using a four-Gaussian fitting procedure as in Fig. 2 . The obtained angular distributions in arbitrary units are shown in Fig. 3 as full dots for the LNS experiment and open squares for the NSL experiment. By following the formalism developed in Refs. [27, 28] and by assuming that 17 O(n, α) 14 C is going through isolated compound levels of 18 O with spin J π , the angular distributions for the free on-energy-shell reaction is given by
Here, P L (cos θ c.m. ) is the Legendre polynomial of order L; i = (2i + 1) 1/2 ; ac00|acf 0 is the Clebsch-Gordan coefficient; R(abcd; ef ) is the Racah coefficient; S 1 = I A + s x , where I A and s x denote the spins of target and projectile; l 1 is the orbital momentum in the entrance channel, given by J = S 1 + l 1 ; finally, S 2 and l 2 are the spin and orbital momentum in the exit channel. The solid lines in Fig. 3 represent the results of calculations for the populated resonances without any fitting parameter except for one free parameter to normalize the yields. The comparison between the experimental data and the calculation confirms that levels E * = 8038 and 8282 keV are populated in l 1 = 1, and E * = 8125 keV is populated in l 1 = 3. However, the angular distribution of the resonance, which corresponds to the E * = 8213 keV level, is better reproduced by adopting l 1 = 2 (solid line,χ 2 = 0.82) instead of l 1 = 0 (dashed line, χ 2 = 1.55) as usually assumed by considering the low value of the neutron energy available in the c.m. system [29] .
The differential cross section for the 17 O(n, α) 14 C reaction extracted from the THM measurements was then integrated over θ c.m. , which assumed the theoretical trend outside the angular range covered by the measurement. The uncertainty in the integration, which comes from the uncertainty on the fit parameters, is of 3%, 20%, 11%, and 8% for the resonances at energies E * = 8038, 8125, 8213, and 8282 keV, respectively.
To compare the TH data with the direct measurements, the TH cross section is multiplied by the penetrability factor calculated for each resonance by P l 1 (kr) = 1/[kr(j l 1 (kr) 2 + n l 1 (kr)
2 )], where l 1 is deduced from the angular distribution, and j l 1 (kr) and n l 1 (kr) are the spherical Bessel and Neumann functions, respectively. The contribution of each resonance for a fixed value of energy is evaluated by fitting the TH cross section by using four Gaussian functions, which follows the same procedure used in Fig. 2 . The reaction radius used for the calculation of the penetrability factor was given by R = r 0 (17 1/3 ), where r 0 = 1.6 fm. The change in the scaled cross sections is still inside the experimental uncertainties if 1.2 < r 0 < 1.9. The result is shown in Fig. 4 . For comparison, the direct data from Ref. [14] have been smeared to the THM experimental resolution, and they are shown, where available, as a solid line in Fig. 4 . Moreover, the actual direct data from Ref. [14] are shown in Fig. 4 14 C reaction from TH data after the correction for the penetrability of the centrifugal barrier (full dots). The dashed red line represents the direct data from Ref. [14] where available, whereas, the solid line reports the direct data smeared at the TH energy resolution.
error bars. The widths of the peaks are determined by the TH data experimental resolution. The agreement between the two data sets is evident.
In conclusion, this measurement has demonstrated the ability of the THM to determine the nuclear structure parameter of orbital momentum-suppressed neutron capture resonances. This is evidenced by the population of the J π = 5 − level of 18 O, present in the indirect data for the neutron-induced reaction but not observed in direct neutron capture studies. This demonstrates the effectiveness of the THM to emphasize the mere nuclear interaction, which avoids the centrifugal suppressions or the electron screening effects, which opens new perspectives in the use of the method for nuclear structure studies. A particularly interesting application is the study of neutron-induced reactions on short-lived radioactive nuclei by using inverse kinematics. This approach will provide a unique method to study n-induced reactions on short-lived nuclei, which are crucial for both nuclear astrophysics and in nuclear engineering.
